Reaction paths for [3 + 2] cycloaddition (32CA) between 2-methyl-1-nitroprop-1-ene and (Z)-C-aryl-N-phenylnitrones were explored in detail at the B3LYP/6-31G(d) level of theory. All of the 32CA processes considered were found to be initiated by the attack of the most nucleophilic oxygen atom in the nitrone molecule on the most electrophilic carbon atom (Cβ) in the nitroethylene moiety. This type of interaction favors the formation of 4-nitro-substituted cycloadducts. Additionally, based on a molecular electron density theory (MEDT) study, the 32CA processes of interest should be considered polar processes with asynchronous transition states (TSs). However, the asynchronicity of the localized TSs is unexpectedly low and clearly insufficient to enforce a stepwise zwitterionic mechanism.
Introduction
Conjugated nitroalkenes are valuable materials for organic synthesis. This is a consequence of the wide range of potential transformations of the NO 2 group; for example, nitro compounds can be converted into nitronates [1] [2] [3] [4] , hydroxylamines [1, [5] [6] [7] , amines [1, 5, 6, 8] , oximes [1, 7, 9, 10] , carbonyl compounds [1, 11, 12] , and many other types of compounds. Considering their biological and pharmacological activities, nitro compounds have a variety of important applications [13] [14] [15] [16] [17] . Additionally, conjugating the NO 2 group with a vinyl system can activate the alkene for cycloaddition reactions with nucleophilic three-atom components (TACs [18] ) or conjugated dienes, which yield various fivemembered [19] and six-membered [20] carbo-and heterocycles that are difficult or impossible to regio-and stereoselectively synthesize through an alternative approach.
There are many known [3 + 2] cycloaddition (32CA) reactions of the parent nitroethene molecule with nitrones [21] [22] [23] [24] [25] . These reactions have been also explored in detail using various theoretical approaches [21, 22, 26] . Additionally, similar cycloadditions of 1-substituted nitroethenes (such as 2-nitroprop-1-ene [27] , 1-chloronitroethene [28, 29] , and 1-bromonitroethene [27] ) and 2-substituted nitroethenes (e.g., (E)-2-arylnitroethenes [30, 31] , (E)-1-nitroprop-1-ene [32] , (E)-3,3,3-trichloro-1-nitroprop-1-ene [27, 33, 34] , (E)-3,3,3-trifluor-1-nitroprop-1-ene [35] , and (E)-3-nitroacrylate [27] ) analogs have been explored. Recently, preliminary studies of 32CA processes between 1,2-disubstituted nitroethenes and (Z)-(3,4,5-trimethoxyphenyl)-N-methylnitrone have also been published [28, 36] . However, no examples of the 32CA of 2,2-disubstituted nitroethene analogs and nitrones have been described in the literature so far. Thus, the influence of bis substitution at the β position of the nitroethylene moiety on the course of the 32CA is completely unknown. It should also be noted that the participation of 2,2-disubstituted nitroethene analogs in other types of cycloadditions has only rarely attracted the attention of chemists. Therefore, we decided to initiate comprehensive studies in this area. To this end, we analyzed the theoretically possible reaction paths (Scheme 1) of 32CA reactions involving 2-methyl-1-nitroprop-1-ene (1) as a model electrophilic component and a homogeneous group of nitrones (2a-g) as model TACs, and we report the results of that study in the present paper.
In particular, we decided to (i) analyze the nature of the intermolecular interactions involved in the elementary reaction steps in the framework of molecular electron density theory (MEDT) [37] , (ii) predict regio-and stereoselectivity, and (iii) explore reaction profiles and examine all critical structures. It should be underlined at this point that the mechanistic aspects of these types of reactions require detailed studies. Due to the high global electrophilicity of the nitroethylene moiety, a Bclassical^one-step mechanism may compete with a stepwise zwitterionic mechanism. Such a stepwise mechanism has recently been assigned to several 32CA processes involving nitroethene as well as those of its 1-or 2-substituted analogs. For example, cycloadditions of (E)-3,3,3-trichloro-1-nitroprop-1-ene to (Z)-C-anthryl-C-phenylnitrone [33] , 1,1-dinitroethene to (Z)-C,N-diphenylnitrone [38] , nitroethene to 2,2,4,4-tetramethyl-3-thiocyclobutanone S-methylide, and some other cycloadditions [39, 40] all proceed via zwitterionic intermediates.
Computational details
The quantum-chemical calculations reported in this paper were performed using the B3LYP functional along with the 6-31G(d) basis set included in the GAUSSIAN 09 package [41] . All calculations were carried out at the same level of theory that was used to study the 32CA reactions of different type of nitrones and 2-substituted nitroethenes. It is important to note that good correlations between the calculated parameters of the critical structures [27, 32, 42] , the results of a comprehensive kinetic study (Eyring parameters) [34, 42] , the nature of solvent effects [34, 42] , and a quantitative description of secondary isotope effects [43] were obtained when this level of theory was applied. This suggests that the B3LYP/6-31G(d) level can accurately illustrate the nature of the critical structures in the cycloaddition process of interest in the present work. However, in order to prove that this rather low level Scheme 1 Theoretically possible paths of cycloadditions between 1a-g and 2 of theory was adequate for our needs, we also performed additional calculations for the model process at higher levels of theory (that also take, for example, the dispersion correction into account [44] ).
Optimizations of the critical structures were performed with the Berny algorithm, whereas the transition states (TSs) were calculated using the QST2 procedure. TSs along the considered reaction paths were localized through an alternative methodology which involved gradually changing the distance between the reaction centers (with optimization performed after each step). This approach yielded TSs identical to those obtained previously.
Localized critical points were successfully verified via frequency calculations. All reactants and products were found to be characterized by positive Hessian matrices. All TSs showed only one negative eigenvalue in their diagonalized Hessian matrices, and their associated eigenvectors were confirmed to correspond to the motion along the reaction coordinate under consideration. To further verify the TSs, IRC calculations were performed. The effect of the solvent on the reaction paths was included using the polarizable continuum model (PCM) [45] . Global electron density transfer between substructures (GEDT) [46] was calculated according to the equation
where q A is the net charge, and the sum is performed over all the atoms of the nitroalkene.
New σ-bond development (l) was expressed based on the following equation involving the distance between the reaction centers in the transition structure (r TS X-Y ) and the corresponding distance in the product (r P X-Y ) [29] :
ELF studies were performed with the TopMod [47] program, using the corresponding gas-phase B3LYP/6-31G(d) monodeterminantal wavefuctions. ELF localization domains were obtained for an ELF value of 0.75.
Electronic properties of the reactants were estimated via the following previously reported recommended relations [37, 48, 49] :
Global nucleophilicities (N) [50] were calculated using the equation
The local electrophilicity (ω k ) of atom k was calculated using the index ω and the respective Parr function P + k [51] :
The local nucleophilicity (Ν k ) of atom k was calculated using the index N and the respective Parr function P − k [51] :
Results and discussion

Investigating the intermolecular interactions through a MEDT study
We first analyzed the nature of the interactions between the reactants by probing the electronic properties of the reactants. A topological analysis of the ELF of 2-methyl-1-nitroprop-1-ene 1 and C,N-diphenylnitrone 2d was performed in order to characterize electronic structure. The ELF attractors, together with the basin populations and the ELF localization domains, are shown in Fig. 1 . ELF topological analysis of 2-methyl-1-nitroprop-1-ene 1 shows the presence of two disynaptic basins within the C4-C5 bonding region, V(C4-C5) and V′(C4-C5), involving a total population of 3.64 e. This indicates that the C4-C5 bond possesses strong double-bond character (Fig. 1) . ELF topological analysis of C,N-diphenylnitrone 2d shows the presence of two monosynaptic basins, V(O1) and V′(O1), involving a total population of 6.02 e; one single-bond disynaptic basin V(O1,N2) involving 1.29 e; and one disynaptic basin between the N2 and C3 centers, V(N2,C3). Thus, based on a series of studies carried out by Domingo and coworkers [26, 52, 53] and the topological analysis of the ELF, the electronic structure of C,N-diphenylnitrone 2d (just like that of C,N-dimethylnitrone) indicates that it is zwitterionic, enabling its participation in zw-type 32CA reactions.
The respective global and local indices were then estimated using equations defined on the basis of conceptual density functional theory [37, 48, 49] . A similar approach was recently successfully used to explain the courses of a number of different biomolecular processes involving unsaturated nitrocompounds (see, for example, [32, [54] [55] [56] ). In light of the results of the MEDT study, 2-methyl-1-nitroprop-1-ene 1 was classified as a strong electrophile (ω > 2 eV) ( Table 1) . For comparison, the value of N for 1 is only 1.53 eV. Thus, 2-methyl-1-nitroprop-1-ene 1 should be considered an electrophilic component in the 32CA processes of interest here.
On the other hand, the electronic properties of the C-aryl-N-phenylnitrones 2a-g vary to a considerable extent (Table 1) . In particular, the global electrophilicity of C,Ndiphenylnitrone 2d is 1.67 eV, which classifies it as a rather strong electrophile. However, gradually increasing the electron-donating properties of the substituent at the 4-position in the phenyl ring conjugated with the carbon atom of the NO moiety causes a change in electrophilicity. For example, for the dimethylamino-substituted nitrone 2a, ω drops below 1.3 eV, indicating that it will exhibit only moderate electrophilic properties. Replacing the dimethylamino group with a NO 2 group again modifies the properties of the nitrone. For instance, the nitro-substituted nitrone 2g is characterized by very strong electrophilicity (ω > 2.8 eV). That said, the values of the global N indices show, without any doubt, that all of the considered nitrones are nucleophilic. Therefore, the cycloadditions considered here should be interpreted as polar processes [37] . This is a consequence of the highly nucleophilic nature of the TACs and the notably electrophilic nature of ethylene derivative 1. The courses of the reactions of interest here are influenced by the nucleophilic attack of the oxygen atom of the CNO moiety of nitrone (N O > 1.2 eV; N C < 0.6 eV) on the most electrophilic (ω β = 0.94 eV) carbon atom (Cβ) of the nitroalkene. If we assume that this governs the course of the reaction, then the products of the cycloaddition should be the stereoisomeric 4-nitroisoxazolidines 3a-g and/or 4a-g.
Energy profiles
In this part of the study, we first carried out DFT simulations of theoretically possible reaction channels for the 32CA of 2-methyl-1-nitroprop-1-ene 1 with the parent C,Ndiphenylnitrone 2d. Next, in a similar manner, we analyzed Table 1 Global and local electronic properties of 2-methyl-1-nitroprop-1-ene 1 and diarylnitrones 2a-g 
). It should be noted that the MCs are enthalpic at room temperature (Tables 2 and 3 ). Due to the value of the entropic factor (ΤΔS), ΔG is > 0, which excludes the existence of MC structures that may be considered stable from a thermodynamic point of view. A similar type of intermediate was also localized in the analogous 32CAs involving nitrones 2a and 2g.
Further conversion of the 1 + 2d intermolecular system along the reaction path, regardless of the 32CA channel, leads to a transition complex (TS). The existence of a TS is confirmed by the presence of one imaginary eigenvalue in the Hessian. Based on the corresponding activation enthalpies, the order of preference for the reaction channels is B > A > D ≈ C. The ΔH values are relatively low (19.1 and 17.9 kcal mol −1 for channels A and B, respectively) for the TSs of the reaction channels that yield isoxazolidines in which the nitro group is at the C4 position in the heterocyclic ring. Significantly higher values (> 25 kcal mol −1 ) are observed in the reaction channels (C and D) that yield isoxazolidines with the nitro group at the C5 position. It should be noted that the order of preference for the channels based on the kinetics (as gauged through the Gibbs free energy of activation, ΔG) is similar to the order of preference based on the ΔH values. It should therefore be assumed that the reaction channels leading to 5-nitrosubstituted isoxazolidines are kinetically forbidden. This suggests that only the 4-nitroisoxazolidines 3a and 4a are formed during the reaction. This observation correlates well with the analysis of two-center interactions discussed above. It should be noted that all attempts to identify alternative TSs leading to adducts 3-6 were unsuccessful. When the structure of 2a is modified by introducing substituents onto the phenyl rings of nitrone 2d, the Scheme 2 Reaction pathways profiles of all the considered reaction channels do not change qualitatively. However, some transformations do change from a quantitative perspective (Tables 2 and 3 ). In particular, the presence of the electron-donating (EDG) dimethylamino group results in a lower activation barrier in channels A and B. At the same time, the presence of the electron-withdrawing (EWG) nitro group has the opposite effect. This conclusion correlates well with the previous analysis of the global nucleophilicities of the nitrones. It is interesting that the influence of the nature of the substituent on the kinetics of reaction channels C and D is marginal. For example, the ΔG value for the activation of the reaction involving the parent nitrone 2d is only 0.1-0.3 kcal mol −1 higher than that for the same transformation involving nitrone 2a. When more polar solvents (Table 2) were included as dielectric media in DFT calculations, the reaction profiles did not change qualitatively, but they did change quantitatively, albeit to a minor degree. In particular, the MCs in all the profiles were shallower (Table 2) , and all activation barriers were slightly higher. However, even in the strongly polar solvent nitromethane, the order of reaction channel preference based on the kinetics was the same as that obtained in toluene solution. Additionally, in all of the considered solvents, reaction channels C and D appeared to be kinetically forbidden. 
Critical structures
As noted in previous paragraphs, the first stage in each of the 32CA processes considered is always the formation of a molecular complex (MC). Analysis of the structural aspects of each MC showed that the lengths of the O1-N2, N2-C3, and C4-C5 bonds were practically identical to their lengths in the individual reactants. However, in the transition state (TS) structures, the interatomic distances C3-C4 and C5-O1 (Tables 4 and 5 ) are outside of the typical bond length ranges for carbon-carbon and carbon-oxygen bonds. Also, in the MCs, the orientations of the reaction centers with respect to each other are not the same as they are in the final products (Fig. 4) . Additionally, based on the GEDT [46] values (0.0 e), none of the MCs are charge-transfer complexes. Similar molecular complexes were observed in the 32CA reactions between allenyl-type TACs and nitroacetylene [57] , benzonitrile N-oxides and nitroethene [55] , as well as between diazocompounds and hexafluoroacetone [58] . Conversion of the MC into the respective adduct was always found to occur via a single TS (Figs. 2 and 3 , Tables 2  and 3 ). The nature of the TS depends to some extent on the relative orientations of its substructures. In particular, in the TSs obtained in the channels that ultimately yield 4-nitroisoxazolidines (A and B), the C5-O1 sigma bond is formed earlier than the sigma bond between C3 and C4. However, in the TSC and TSD structures, the C3-C4 sigma bond is formed faster than the C5-O1 sigma bond. In all cases, the synchronicity of the localized TS is controlled by the formation of the new bond at the reaction center associated with the β carbon atom from the nitroethylene moiety. This conclusion correlates well with the earlier discussion of the local reactivities of the reactants. Regardless of the synchronicity of the new sigma bond, all of the considered TSs were observed to exhibit a significantly polar nature. This was confirmed by the results of the GEDT analysis (Tables 4 and 5 ). Our study shows that the synchronicity of the TS may be controlled to some degree by the particular substituents present in the nitrone molecule or/and the polarity of the reaction environment. This substituent effect is readily apparent in the kinetically favored reaction channels A and B. In particular, for the TSs TSA and TSB in the 32CA involving the EDG-substituted nitrone 2a, the difference between the values of the new bond development index for the two bonds C3-C4 and C5-O1 (see the Δl values in Table 5 ) is 0.29 and 0.23, respectively. The analogous index-value differences for the 32CA involving the EWG-substituted nitrone 2g are 0. 15 and 0.11, respectively. On the other hand, the solvent polarity was observed to influence the synchronicity of the TS in all of the considered reaction channels. For example, for the 32CA of 1 + 2d, the asynchronicity of the TS is higher in nitromethane than in toluene by 44%, 64%, 31%, and 25% for channels A, B, C, and D, respectively (see the Δl values in Table 4 ). It is important to note, however, that not even this asynchronicity of the TS is sufficient to enforce a stepwise zwitterionic mechanism.
Lastly, we performed full calculations of the reaction paths for the 32CA of 1 + 2d at more advanced levels of theory (that accounted for dispersion functions). The results obtained (i.e., the order of preference of the reaction channels based on the kinetics, as well as the key geometric parameters of the TSs) were very close to those given by the B3LYP/6-31G(d) computational study (Tables 6  and 7 ). In other words, there was no need to apply a high level of theory to obtain accurate results for the systems of interest. It should also be noted that a B97D study underestimated the enthalpies of activation. According to imentally estimated values for the preferred channels of the 32CA between 1-nitroprop-1-ene 1 (which is not very sterically crowded) and the same nitrone 2d are 9.5 and 11.3 kcal mol −1 , respectively [43] . These values imply that including dispersion functions [44] in a DFT study of the cycloadditions of interest here is not a good approach.
Conclusions
Our B3LYP/6-31G(d) computational study utilizing molecular electron density theory (MEDT) undoubtedly showed that 32CA processes between 2-methyl-1-nitropro-1-ene and (Z)-C-aryl-N-phenylnitrones should be treated as polar reactions. This was confirmed by our analysis of global electron density transfer for the localized TSs. However, in contrast to the analogous process involving 1,1-dinitroethene, the cycloadditions of interest here involved only one TS. Each of the localized TSs was found to be asynchronous, but this asynchronicity was not sufficient to enforce a stepwise zwitterionic mechanism. Every attempt to find zwitterionic intermediates during the reaction paths considered here was unsuccessful. A detailed analysis of the reaction paths indicated that all of the considered 32CA processes are initiated by two-center interactions between the most nucleophilic oxygen atom in the nitrone molecule and the most electrophilic carbon atom (the βC) in the nitroethylene moiety. This type of interaction favors the formation of 4-nitro-substituted cycloadducts, in good agreement with the results of the detailed exploration of theoretically possible reaction channels. It appears that competitive channels leading to 5-nitroisoxazolidines are kinetically forbidden. 
